The mitochondrial (mt) genome is present in many copies in human cells, and intra-2 individual variation in mtDNA sequences is known as heteroplasmy. Recent studies 3 found that heteroplasmies are highly tissue-specific, site-specific, and allele-specific, 4 however the functional implications have not been explored. This study investigates 5 variation in mtDNA copy numbers (mtCN) in 12 different tissues obtained at autopsy 6 from 152 individuals (ranging in age from 3 days to 96 years). Three different methods 7 to estimate mtCN were compared: shotgun sequencing (in 4 tissues), capture-8 enriched sequencing (in 12 tissues) and droplet digital PCR (ddPCR, in 2 tissues). The 9 highest precision in mtCN estimation was achieved using shotgun sequencing data. 10 However, capture-enrichment data provide reliable estimates of relative (albeit not 11 absolute) mtCNs. Comparisons of mtCN from different tissues of the same individual 12 revealed that mtCNs in different tissues are, with few exceptions, uncorrelated. Hence, 13 each tissue of an individual seems to regulate mtCN in a tissue-related rather than an 14 individual-dependent manner. Skeletal muscle (SM) samples showed an age-related 15 decrease in mtCN that was especially pronounced in males, while there was an age-16 related increase in mtCN for liver (LIV) samples. MtCN in SM samples was significantly 17 negatively correlated with both the total number of heteroplasmic sites and with minor 18 allele frequency (MAF) at two heteroplasmic sites, 408 and 16327. Heteroplasmies at 19 both sites are highly specific for SM, accumulate with aging and are part of functional 20 elements that regulate mtDNA replication. These data support the hypothesis that 21 selection acting on these heteroplasmic sites is reducing mtCN in SM of older 22 individuals.
Introduction 1
Mitochondria are the central cellular structures for energy production. While most 2 human mt proteins are encoded in the nuclear genome and imported to the others failed to identify age-dependent changes in copy number [4, 11] or showed an 1 increase for certain tissues [12] . Thus, there is currently much uncertainty concerning 2 the role of age and other factors on mtCN. 3 Copy number is usually estimated by quantitative PCR methods [4, 10] , although some 4 studies have utilized shotgun sequencing data [9, [13] [14] [15] . However, comparisons of 5 different methods for estimating mtCN are rarely done [9] and moreover most studies 6 have focused on a single tissue. Here, we analyze mtCN in 12 different tissues that 7 were obtained at autopsy from 152 individuals. We compared three different methods 8 for estimating mtCN: ddPCR (in 2 tissues); shotgun sequencing (in 4 tissues); and 9 capture-enriched sequencing (in all 12 tissues). Furthermore, we examined the 10 influence of various features such as age, haplogroup and sex on mtCN. 11 We also inquired whether mtCN can be linked to mtDNA heteroplasmy, i.e. intra-12 individual variability in the mtDNA sequence. Several studies revealed that 13 heteroplasmy increases in healthy human individuals with aging [16] [17] [18] [19] . In addition, it 14 has been shown that there is a tissue-specific accumulation of heteroplasmy at defined 15 sites [15, [17] [18] [19] [20] [21] , which might hint to either positive selection on specific sites [15, 19] 16 or a lack of negative selection due to relaxation of functional constraints [22] . All 17 samples examined for mtCN in the present study were investigated previously for 18 heteroplasmy [19] . As the most common heteroplasmic sites are found exclusively in 19 the control region of the mitochondrial genome, which is essential for replication and 20 transcription initiation and regulation [23, 24] , we hypothesized that heteroplasmic 21 mutations in the control region could have an influence on mtCN, and indeed we report 22 here that an increase in the minor allele frequency (MAF) at two sites that are 23 frequently heteroplasmic in skeletal muscle is associated with an age-related decrease 24 in mtCN. Twelve different tissues (blood: BL; cerebellum: CEL; cerebrum: CER; cortex: CO; 3 kidney: KI; large intestine: LI; liver: LIV myocardial muscle: MM; ovary: OV; small 4 intestine: SI; skin: SK; and skeletal muscle: SM) were obtained at autopsy from 152 5 human individuals (85 males, 67 females) of mostly European origin and DNA was 6 extracted as previously described [19] . The collection of samples and the experimental Libraries for sequencing were prepared as previously described [19] . Shotgun Reads of at least 50 bp length were mapped against the human reference genome 19 1 (hg19) using BWA with default settings [25] and without filtering for high mapping 2 quality. All reads that aligned successfully, i.e. both mates of a pair mapped to the 3 same chromosome and within a distance to each other of at most 3 standard Samples were subsequently removed from the data set when either of the following 11 criteria was fulfilled: 1) the number of bases aligning to mtDNA was ≤ 60% of the total 12 mtDNA length; 2) the logarithmic normalized SD of the autosomal coverage was included template DNA were identified by fluorescent dyes and counted. Specific 10 primers (S1 Table) for amplification of mt and nDNA regions were modified according 11 to [10] . For determination of mtCN in BL, mtDNA and nDNA were amplified in the same 12 multiplex reaction using HEX-and FAM-labeled probes for n and mtDNA, respectively. were too far apart to be merged, the length of the region flanked by the two reads was The mtCN values for each tissue were log-transformed to produce a normal have accumulated mutations that distinguish them from authentic mtDNA sequences.
1 Only NUMTs that have inserted into the nuclear genome rather recently have not had 2 enough time for distinguishing mutations to occur. As we are therefore not able to 3 directly identify reads arising from recent NUMTs, we instead estimate the probability 4 of incorrectly attributing a NUMT read to the mtDNA genome, using the length 5 distribution of a previously published list of identified NUMTs [28] . For each read insert 6 length, all NUMTs longer than that length were identified as NUMTS from which reads 7 could be generated that could be fully placed within the NUMT. The chance that a read 8 from a NUMT was falsely aligned to the mtDNA genome, given the observed read 9 distribution, was ≤0.06%, and therefore NUMTS were considered to have a negligible 10 impact on mtCN estimation.
11
We next evaluated the reproducibility of the estimated mtCNs for the two sequencing there was a greater enrichment in mtCN for BL than for the other tissues, for all four 23 tissues there was a significant correlation between mtCN values estimated via shotgun 24 sequencing vs. capture-enriched sequencing ( Fig 1A) . Hence, mtCN estimates based 25 13 on capture-enrichment sequencing data were considered suitable and used for further 1 investigation into factors influencing mtCNs. For each combination of method and tissue, the sample size and mean mtCN estimate 5 across individuals are given. For the sequence-based methods, the mean SD across 6 chromosomes is given (SD-chromosomes); for the shotgun (re-sequencing of the 7 same library and after preparation of new libraries) and ddPCR data from BL and SM 8 tissue the mean SD across replicates for all individuals is given (SD-replicates). All SD 9 values were normalized by the mean mtCN for each tissue.
In a third approach, mtCN was estimated by ddPCR in SM and BL, with each sample 12 measured at least 3 times and the SD calculated over all replicates per sample. Using 13 ddPCR the normalized SD was 10-13% for replicates ( Remarkably, two samples with extremely high mtCN were identified. One SM sample 11 from a 71 year old male who died of cardiac arrest showed a 137-fold higher mtCN 12 (shotgun sequencing) than the average of all other SM samples (S3 Fig) and a more 13 than 60-fold higher mtCN than the sample with the 2 nd highest mtCN. Results from 14 capture-enrichment (32-fold higher than the average, 14-fold higher than the second 15 highest mtCN) and ddPCR (80-fold higher than average, 30-fold higher mtCN than the 16 second highest) were similar. In addition, one LIV sample from a 72 year old male who 17 died of multiple organ failure showed a 20-fold higher mtCN than the tissue average 18 in shotgun sequencing (8-fold in capture-enrichment). The mtCN estimates for other 19 tissues in these two individuals are all within the average range for that tissue, 20 indicating that this extreme increase in mtCN is tissue-specific.
21
In other tissues, the highest mtCN value was maximum 4-fold higher than the average For each method, we tested if mtCN estimates were correlated between pairs of 3 tissues within an individual (Fig 2) . All p-values were corrected for multiple testing 4 using Benjamini-Hochberg correction [31] . In the capture-enriched data, positive 5 correlations were identified between SI and LI (r=0.31, p<0.001), between CO and 6 CER (r=0.33, p<0.001) and between KI and CER, CO, SI and SM. In addition, mtCN 7 in SK was negatively correlated with that in SI, LI and in LIV. In the shotgun sequencing 8 data there was a negative correlation of mtCN in SM vs. LIV (Pearson's r=-0.23, 9 p=0.042, Fig 2) , but this was not observed in the capture-enriched data (Fig 2) . Overall, We also investigated associations between mtCN and age, sex, or haplogroup. There 6 was a strong age-related decrease of mtCN in SM (r=-0.25, p=0.016 in shotgun 7 sequencing, Fig 3A, S2 Table) . Remarkably, this association holds only for males (r=-8 0.35, p=0.008 in males compared to r=-0.15, p=0.442 in females; S2 Table) . Similar 9 correlation coefficients were obtained for mtCN estimates from capture sequencing 10 and ddPCR, although the p-values were not significant after correction for multiple 11 18 testing (S2 Table) . In LIV, mtCN shows an increase with age that is significant in 1 capture enrichment data (r=0.27, p=0.022) and approaches significance in shotgun 2 sequence data (r=0.20, p=0.088; S2 Table) . This increase was mainly due to a subset 3 of individuals ( Fig 3A) with higher mtCNs. When looking at samples with mtCN≥4,500, 4 these showed a stronger correlation of mtCN with age (r=0.64, p=0.016) than the 5 group mtCN≤4,500 (r=0.19, p=0.048). No solely sex-related associations with mtCN were identified for any tissue (Fig 3B,   1 S2 Table) and there were no significant associations between mtCN and major 2 haplogroup ( Fig 3C, S3 Table) .
3 4
Associations between mtCN and heteroplasmy 5
As all samples in this study were previously analyzed for heteroplasmy [19] , we tested Table) . BL and LIV also 10 exhibited significant negative correlations between the total number of heteroplasmies 11 and mtCN, but not for all of the methods (S4 Table) . As the number of heteroplasmic 12 sites has been shown to significantly increase with age [16, 19] , we analyzed the 13 influence of age and the total number of heteroplasmic sites on mtCN in SM by partial 14 regression. MtCN was best explained by age (p<0.05), although the number of 15 heteroplasmies also showed a slight correlation with mtCN that was borderline 16 significant for shotgun sequencing data (p=0.049, Fig 4) . In LIV, changes in mtCN 17 were significantly associated with age (p<0.05, Fig 4) , whereas BL showed a higher 18 partial regression of mtCN with heteroplasmy than with age (Fig 4) . Overall, these 19 results indicate that correlations of mtCN with the total number of heteroplasmies are 20 explained mainly by age rather than the actual increase in the number of 21 heteroplasmic sites. With respect to associations between mtCN and the MAF at single heteroplasmic sites, 8 analyses were limited to positions that were heteroplasmic in at least ten individuals 9 for a tissue (S5 Table) . After correction for multiple testing, sites 408 and 16327 each 10 showed a significant association between mtCN and MAF in SM for shotgun sequence 11 data (p=0.014 for both sites, Fig 5, S6 Table) . While the consensus allele at position at either position in these samples [19] . As the MAF at these positions also increases 5 with age [19], we applied partial regression to test whether age or heteroplasmy was 6 more strongly associated with mtCN. While age was again significantly correlated with 7 mtCN (p=0.001 for both sites), the MAF at both heteroplasmic sites also showed 8 significant associations with mtCN (p=0.022 (408), p=0.02 (16327), Fig 5) . The total 9 number of heteroplasmies, however was not significantly associated with mtCN 10 (p>0.05). This indicates that changes in mtCN in SM are associated with age, with the 11 MAF at positions 16327 and 408 also explaining some of the change in mtCN.
12
As the aging-dependent decline in mtCN was significant in males but not in females, 13 we asked whether there were sex-dependent differences in the correlation between No stronger correlations were found when testing the MAF of pairs or tripletons of 2 heteroplasmic sites, indicating that heteroplasmy at two or three specific sites was not 3 more associated with variation in mtCN than heteroplasmy at single sites. In sum, 4 mtCN in SM differed dramatically from other tissues in exhibiting highly significant age, 5 sex and heteroplasmy-dependent associations. In this study, mtCN from different tissues was estimated using three different methods.
3
Exact measurements of mtCN can be complicated in some tissues as intra-individual 4 differences in mtCN of a single tissue can occur. These differences arise from mosaic-5 like structures as those found especially in myocardial muscle [4] and one should 6 therefore focus investigations of mtCN on rather homogenous tissues.
7
In ddPCR and shotgun sequencing experiments, SM samples showed smaller SDs 8 for multiple measurements than BL samples. This could indicate that the precision of 9 the two methods is increasing with higher mtCNs as small absolute measurement 10 errors have less impact on the final results. In general, the shotgun sequencing 11 method returned normalized SD values that were smaller than those for ddPCR. The for most chromosomes this happens randomly without any bias for certain sequences.
18
Chromosomes that had to be excluded from the data set showed a large SD across 19 all samples due to the assembly of reads with lower mapping quality. Since shotgun 20 sequencing exhibited high reproducibility of mtCN with two independently prepared 21 libraries and moreover allows high-throughput analysis of large sets of samples, this 22 is the preferred method for mtCN determination.
23
We assumed that capture-enrichment linearly increases the amount of mtDNA without 24 saturation effects when estimating mtCN from sequencing after capture-enrichment.
25
However, we observed that the enrichment process is non-linear, resulting in a 1 stronger enrichment of mtDNA in samples with smaller mtCN. Samples with very high 2 mtCN, like the SM-sample with a 100-fold increase in mtCN, already have a very high 3 proportion of mtDNA prior to enrichment and will therefore be underestimated after 4 enrichment. Samples with lower mtCN, like BL samples, have a low starting ratio that 5 is strongly increased in the enrichment process leading to overestimated mtCNs after 6 enrichment. Hence, enrichment most strongly influences the tails of the mtCN 7 distribution; however, the overall high correlations between mtCN estimates from 8 capture-enriched vs. shotgun data indicates that mtCN estimates by the former 9 method do reliably reflect relative mtCN values.
11
Occurrence of samples with very high mtCN 12 We identified two samples from different individuals that had 20-fold (LIV) and a ≈100-13 fold (SM) higher mtCN compared to the tissue average. Similar results were obtained 14 with the different methods for mtCN determination, indicating that these high mtCN 15 are not method-dependent errors. To our knowledge no such increases in mtCN have 16 been described before. A strong increase of mtCN has been described when large Benjamini-Hochberg corrections for multiple testing as for capture-enrichment there 18 were 11 or 12 tissues (ovarian tissue data could only be analyzed in females) analyzed 19 compared to four in shotgun sequencing and two in the ddPCR. As the F-and r-values, 20 which were not corrected for multiple tests, were in the same range for all three 21 methods, we conclude that the most striking correlations were identified regardless of 22 the method used.
23
To our knowledge, few studies have investigated differences in relative mtCN between 24 different tissues of an individual; however, one previous study did investigate mtCN in 25 samples from brain, SM and MM from 50 individuals [11] . This study identified 1 correlations of mtCN between most tissues. In our study, different tissues of the same 2 individual showed a high variation in mtCN, not only for the total number of copies, but 3 also for the relative number with respect to the tissue average. Positive correlations 4 were mainly found for similar tissues, such as different parts of the brain or for large tissues of an individual is largely uncorrelated (Fig 2) . Thus, it is not the case that 10 individuals tend to have generally high or low mtCN values across all tissues, but 11 rather mtCN varies in a tissue-specific fashion. This is in good agreement with a recent 12 study investigating stress-induced changes in mtCN [35] , which showed that stress 13 increased mtCN in liver, but decreased mtCN in muscle in mice. Therefore, external 14 factors can produce tissue-specific changes in mtCN. [42]. Due to these differences in muscle composition, effects on mtCN during aging 21 might be stronger in males than in females.
22
Finally, we investigated the influence of heteroplasmy on mtCN. The total number of 23 heteroplasmic sites was strongly negatively correlated with mtCN in SM in our data.
24
As the number of heteroplasmic sites is also strongly age-related [16, 19] and mtCN 25 28 in SM is decreasing with age, the major predictor of mtCN remains unclear after linear 1 regression analysis. We tried to account for this by partial regression, in which one 2 factor is set constant while the effect of the other is investigated. For the total number 3 of heteroplasmies, we found that age had a more significant correlation with mtCN, 4 indicating that a non-specific enrichment of heteroplasmic sites is not the major 5 effector for changes in mtCN. 6 We then investigated potential associations between the MAF at specific 5, 40] . Another study on saliva from women that suffered from major depressive 11 disorder showed that heteroplasmy at site 513 was significantly correlated with 12 changes of mtCN [44] . In our study, we also found indications for associations between 13 the MAF at common low-frequency heteroplasmic sites (408 and 16327) and mtCN in 14 SM. The MAF at both positions has been shown to be highly correlated with age [18-15 21, 45]. Heteroplasmy at position 16327 is highly specific for SM as it was not found 16 in more than four individuals in any other tissue in our previous study [19] .
17
Heteroplasmy at position 408 is even more common in SM, but was also found in 18 some individuals in CER (12/142) and CO (13/152, S5 of heteroplasmy arises in an allele-specific way, we hypothesize that heteroplasmy at 10 positions 408 or 16327 might lead to changes in replication regulation. The fact that 11 MAF at 408 was not correlated with mtCN in CER and CO might be explained by the 12 much lower MAF in these tissues.
13
Intra-individual deleterious mutations in mtDNA may persist at a low level due to a lack 14 of negative selection [22, 49] as they need to reach a critical frequency threshold in 15 order to impact mitochondrial function [50] . If the negative selection pressure is 16 relaxed in one tissue relative to others, due to the metabolic needs of that tissue 17 (especially during aging) then tissue-specific deleterious heteroplasmies could 18 potentially increase in frequency due to this relaxation of functional constraints [51] [52] [53] .
19
Alternatively, low-frequency mutations might also rise in frequency via positive 20 selection, if they are advantageous for that specific tissue [15, 19] , e.g. if they influence 21 replication rates [16, 54] . The results of the present study do not bear on the reason(s) 22 for the tissue-specific and age-related increases in heteroplasmy. However, reduced 23 mitochondrial activity does lead to reduced accumulation of reactive oxygen species 24 and protects mitochondria against aging [55] . We hypothesize that positive selection 25 30 for a heteroplasmic allele could arise via a slight decrease in mtCN that results in a 1 slowdown of mitochondrial metabolism. This, in turn, would reduce the production of 2 aggressive reactive oxygen species and hence provide a better cellular fitness during 3 aging, in accordance with the "survival of the slowest" hypothesis [56] .
4
Both alternative minor alleles at these two positions (408A and 16327T) are fixed in 5 other haplogroups than those investigated here [57] . For example, 16327T is one of 6 the alleles defining haplogroups C and U1B. One individual in our data set was 7 identified as haplogroup U1B, but did not show any substantial difference in mtCN 8 compared to other individuals (S7 Table) . While one individual does not allow relevant 9 interpretation of haplogroup-dependent changes in mtCN, it does suggest that overall 10 the 16327T allele is not highly deleterious. However, functional differences between 11 haplogroups as well the functional impact of reduced mtCN in aging SM remain to be 12 elucidated.
13
In conclusion, we found that SM exhibits several interesting properties with respect to 14 mtCN and heteroplasmy, including age-related decreases in mtCN in males, and 15 decreases in mtCN associated with increasing MAF at two heteroplasmic sites in the 16 control region. Several additional questions remain. For example, why do the minor 17 alleles at tissue-specific heteroplasmic sites remain at rather low levels and do not 18 reach higher and therefore presumably more detrimental frequencies in the cell during 
